Analysis of Hourly Global, Direct and Diffuse Solar Radiations Attenuation as a Function of Optical Air Mass  by Dal Pai, Alexandre et al.
 Energy Procedia  57 ( 2014 )  1060 – 1069 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.091 
2013 ISES Solar World Congress 
Analysis of hourly global, direct and diffuse solar radiations 
attenuation as a function of optical air mass 
Alexandre Dal Paia, João F. Escobedob, Dinival Martinsb, Érico T. Teramotob* 
aFaculdade de Tecnologia de Botucatu, Av Italo Bacchi, sn, Botucatu, 18600-000, Brazil 
bFaculdade deCiências Agronômicas- UNESP – Botucatu, Brazil 
Abstract 
The objective of this work is to verify the attenuation caused by atmospheric constituents through the relationship 
between global, direct and diffuse solar radiation with respect to optical air mass. The optical air mass change has 
spatial and temporal dependence and influences the radiation flux incident, causing changes in the average values. 
Global, diffuse and direct solar irradiances were provided by the Laboratory of Solar Radiometry of Botucatu-
UNESP (latitude 22.9º South, longitude 48.45º West, altitude 745 m). The period assigned for the study comprised 
the years 2002 to 2006. The global solar radiation was measured by an Eppley PSP pyranometer. The direct solar 
radiation was measured by an Eppley Nip pyrheliometer attached to a ST-3 solar tracking system. The diffuse solar 
radiation was calculated by the difference between global and direct solar radiations. It was observed a decrease of 
solar radiation with the increase of optical air mass justified by the increase in probability of collision of solar rays 
with atmospheric constituents. For global solar radiation and optical air mass mo = 1, it was observed a minimum at 
3.1 MJ/m2 and a maximum of 4.1 MJ/m2. For optical air mass mo=2, minimum at 1.5 MJ/m2 and a maximum of 1.9 
MJ/m2. For direct solar radiation and optical air mass mo = 1, it was observed a minimum at 2 MJ/m2 and a 
maximum of 3.8 MJ/m2. For optical air mass mo=2, minimum at 1 MJ/m2 and a maximum of 1.5 MJ/m2. For diffuse 
solar radiation and optical air mass mo = 1, it was observed a minimum at 0.1 MJ/m2 and a maximum of 1.5 MJ/m2. 
For optical air mass mo=2, minimum at 0.1 MJ/m2 and a maximum of 0.8 MJ/m2. The joint analysis of data from 
direct and diffuse solar radiation allowed better understand of the attenuation process caused by the atmosphere, 
establishing qualitative relationships between absorption, scattering and reflection processes. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ISES 
 
Keywords: Solar Energy. Atmospheric Attenuation. Scattering. 
 
* Corresponding author. Tel.: 55-21-14-3814-3004; 
E-mail address: adalpai@fatecbt.edu.br. 
 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
 Alexandre Dal Pai et al. /  Energy Procedia  57 ( 2014 )  1060 – 1069 1061
1. Introduction  
The atmosphere is composed of gases, water vapor and aerosols. Nitrogen (78.1%) and oxygen 
(20.9%), with constant concentrations, are the main atmospheric gases [1], while water vapor and 
aerosols distributions and concentrations vary according to time and space, making it difficult to 
characterize.  
The interaction between atmospheric constituents and solar radiation cause attenuation of the 
energetic values measured on the surface. This reduction is due to absorption of atmospheric gases and 
aerosols and scattering of aerosols, with impacts on the energy balance of a particular locality [2]. For 
absorption process, O2 and ozone are responsible for 100% absorption of radiation below 290 nm, while 
carbon dioxide and water vapor absorb thermal infrared radiation, with impacts on Earth temperature [3]. 
Regarding the scattering process, particles of smaller size are related to visibility and for larger particles, 
the scattering has a directional behavior (circumsolar radiation) known as anisotropy of radiation [4,5].   
After passing through the atmosphere, the radiative flux that reaches the Earth's surface is called 
global solar radiation and represents the sum of direct and diffuse solar radiations. The direct solar 
radiation is the incident radiative flux on the surface without interacting with the atmosphere, while the 
diffuse solar radiation is the result of the scattering of radiation by atmospheric constituents. For cloudy 
days, the probability of precipitation is higher, increasing the chances of deposition of the aerosol and 
favoring uniform scattering. For clear days, the highest concentration of aerosols increases turbidity, 
favoring directional scattering. Knowing the values of extraterrestrial solar radiation at the top of the 
atmosphere and values of direct solar radiation on the surface is possible to verify the attenuation of the 
radiative beam, while global and diffuse values of solar radiation provide information on atmospheric 
composition involved in the processes of absorption and scattering [6]. Thus, one way to estimate the 
solar radiation attenuation caused by the atmosphere is to relate the solar radiation with optical air mass. 
The optical air mass is a measure of the length of the path through the atmosphere to sea level traversed 
by light rays from a celestial body at any hour, expressed as a multiple of the path length for a light 
source at the zenith [7]. Besides the optical air mass, Linke turbidity factor and Angstrom turbidity 
coefficients are also used in the assessment of radiative flux attenuation [8,9]. However, they have certain 
limitations: while optical air mass and Linke turbidity factors have difficulties in distinguishing the 
attenuation caused by water vapor and aerosols, Angstrom turbidity coefficients have limited spectral 
range [10]. 
Therefore the objective of this initial study is to investigate the relationship among global, direct and 
diffuse solar radiations with the optical air mass for clear days and establish relationships between the 
processes of atmospheric attenuation for the city of Botucatu/SP/Brazil. Concerned about the topic, the 
research team will continue to research focusing on the Linke turbidity factors and on the seasonal trend 
of the attenuation processes, trying to establish relationships for aerosol clear sky and water vapor clear 
sky situations. 
2. Methodology  
2.1. Local and Climate 
 
The present study is based upon measurements recorded by the Solar Radiometric Laboratory during 
the years 2002 to 2006. The Solar Radiometric Laboratory is located on the Botucatu Campus of the Sao 
Paulo State University (22 54'S, 48 27'W, 716 m). Botucatu (Fig. 2) is a semi-rural town surrounded by 
sugar cane and eucalyptus crops with 127328 inhabitants, few industries and the economy based upon 
services. 
According to Köppen climate classification the local climate is classified as Cwa (humid subtropical 
climate - mesothermal) with hot and humid summers and dry winter. Figure 1 shows monthly mean 
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values for air temperature, relative humidity, cloudiness and precipitation for a 35 years database. The air 
temperature and relative humid values follow the solar astronomical variations and the maximum and 
minimum values are 23.12 °C (February) and 17.10 °C (July) for air temperature and 78.25% (February) 
and 63.97% (August) for relative humid, respectively. 
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Figure 1. Annual variation of the monthly average daily values for a 35 years database. a) Air temperature and relative humidity. b) 
Cloudiness. c) Precipitation.  
Rainy season occurs in the summer and spring, with high cloudiness, when there are more than 80% 
of the total annual rainfalls with maximum value in January (246.2 mm). In this period rainfall is 
convective and caused by intense evaporation of wet and heated surfaces. These rains occur mainly in the 
afternoons and early evenings, they are located with great spatial variability, their intensity is moderate to 
strong, and the duration is short. In the dry season (winter and autumn), monthly-mean precipitation is 
less than 100 mm with minimum value in August (36.10 mm). In this period rainfall is frontal caused by 
the meeting of cold and dry masses from the south with the warm and humid masses from the Amazon 
region. This rain falls over a wide area, the intensity is low to moderate and the duration is long (hours or 
days) depending on the speed of the front. With regard to aerosols emitted into the atmosphere, industries 
and motor vehicles are the main emitters of particulate matter. However, the study area is surrounded by 
70 cities that release large amounts of particulate matter as a result of burning of sugar cane, especially in 
the winter [11]. The highest aerosol concentration occurs in this period due to lack of rainy days, thus 
preventing the deposition of particulate matter [12]. 
 
3.2 Instrumentation and Quality Control Procedure  
 
Global solar irradiance IG was measured by an Eppley - PSP pyranometer (K = 7.45 V/Wm-²); direct 
normal solar irradiance Ib by an Eppley-NIP pyrheliometer (K = 7.59 V/Wm-²) fitted to a ST-3 sun 
tracking device and was multiplied by the cosine of the zenith angle for calculation of direct irradiance on 
the horizontal projection (Eq 1). Diffuse solar radiation was calculated by the difference between global 
and horizontal direct solar irradiances (Eq 2) and will be named as true diffuse. According to [13,14], 
taking into account calibration accuracy, linearity, stability, temperature and spectral response, the 
uncertainty for Eppley pyranometer is 4.1% and for Eppley pyrheliometer is 2.7%. Combining the 
uncertainties of these two devices, and using the root sum square technique, the uncertainty of the diffuse 
can reach 5%. Figure 2 shows the instruments used in the measurement of solar radiation. 
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Figure 2. Instruments used in the measurement of solar radiation.. A) Piranometer for global irradiance. B) Pyrheliometer for 
incident direct irradiance. 
 
ܫ஽ு ൌ ܫ஻ כ ܿ݋ݏߠ௓ (1) 
ܫௗ ൌ ீܫ െ ܫ஽ு (2) 
 
A Campbell Scientific datalogger model Cr23X was used to monitor and to store the solar irradiance 
data. The values were scanned at 5 s intervals and average values at 5 min intervals were calculated and 
stored. Every morning values were transmitted to a computer via a storage module model SM-192. The 
solar irradiance data were submitted to a quality control to ensure the reliability of the measures. The 
measured values that did not fit the boundary conditions were discarded. The cut values are due to 
misalignment, damaged wires, lack of electricity and shadowring internal reflections due to low solar 
altitude. Table 1 shows the boundary conditions [15].  
 
Table 1. Quality control filters and results. 
 
Solar Irradiance Type Filter 
Global IG < IO 
Normal Incident Beam Ib ≤ ISC 
Shadowring Diffuse 0,1 IG ≤ IdM < IG 
True Diffuse 0 ≤ Id ≤ ISC 
 
The WMO [16] did not specify filters for true diffuse, so we adopted the filters suggested by [17]. The 
WMO also has no filters for solar altitude, then we adopted a minimum value of 5o (value frequently 
quoted in the literature) to avoid increase in uncertainty. Then, the values were integrated into hourly 
partition time giving values in energy per area (MJ/m2) [18].  
Only clear sky data were selected for the study. There are differences in the sky classification criteria 
in literature, some based on measurements [15,19-21] and others on digital images [22]. We adopted the 
most common criterion based on atmospheric transmissivity (ratio of global to extraterrestrial irradiation), 
selecting data with atmospheric transmissivity greater than 65% [23,24] to avoid attenuation due to 
clouds.  The optical air mass was calculated by Eq (3) [22]: 
 
݉௔ ൌ
݌ ݌௢ൗ
ܿ݋ݏߠ௓ ൅ ͲǤͷͲͷ͹ʹሺͻ͸ǤͲ͹ͻͻͷ െ ߠ௓ሻିଵǤ଺ଷ଺ସ 
(3) 
 
where p/p0 is the atmospheric pressure ratio and TZ is the zenith angle (radians). The optical air mass data 
were grouped into classes of amplitude 0.025. Figure 3 shows a frequency distribution showing the 
amount of data per class.  
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Figure 3. Frequency distribution for the optical air mass values. 
 
Classes related to optical air mass values greater than 3 were discarded due to low frequency of 
occurrence. The discarded classes represent zenith angles greater than 80° and are not recommended for 
studies of radiative attenuation [25]. For the remaining classes, we calculated the means and their 
standard deviations. The graphics have been developed having as dependent variable the radiations and as 
independent variable the optical air mass. 
3. Results and Discussion  
The study of the attenuation of solar radiation by the atmosphere allows better understand of 
interaction of radiation with the atmospheric constituents. This interaction takes place by means of the 
absorption, scattering and reflection phenomena, making variable the amount of energy incident on the 
surface. Knowledge of this variation and the energy values at the top of the atmosphere can help in a 
better understanding of the concentration and distribution of these constituents, making this information 
more accurate for atmospheric modeling applications. For studies of aerosol, such information is 
important for parameterization of Linke turbidity factor [26,27]. In the field of energy conversion, the 
variability of the solar irradiance due to the optical air mass is important in studies based on photovoltaic 
and photothermal conversion. The nonlinear response of these conversion systems do not allow the use of 
average values of radiation [28]. 
 The atmospheric attenuation can be represented by the interaction between solar radiation and 
optical air mass. The optical mass is a physical parameter which represents the thickness of the 
atmosphere with all its constituents. Consequently, knowing this interaction allows better understand of 
the phenomena of absorption, scattering and reflection. In this case, a phenomenon can occur with more 
intensity than others, depending on the amount of radiation measured at the surface and the types and 
concentrations of atmospheric constituents. 
Figure 4, 5 and 6 shows the values of hourly global, direct and diffuse solar radiation, 
respectively, as a function of the optical air mass for 2002-2006 years interval. On these figures, letter (a) 
shows the hourly values while letter (b) shows the mean values with their standard deviations. The 
deviations are due to the different concentrations of aerosols and water vapor related to seasonality. In 
addition, uncertainties in measurement due to the use of the PSP pyranometer, as cosine and thermal 
response, can also contribute to the composition of the deviations [13,29]. Table 2 shows the hourly mean 
values and the standard deviation of global, direct and diffuse solar irradiations as a function of the 
optical air mass intervals. 
We observed a relationship between global radiation and optical air mass, with the values 
of global radiation decaying exponentially in the direction of increasing optical air mass, as described by 
the Beer-Lambert law. As they enter the atmosphere, for high values of optical air mass, the solar rays 
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must travel longer distances to reach the surface, which increases the probability of collision with the 
atmospheric constituents, thus justifying the attenuation observed in the values of global radiation [30]. 
 
  
Figure 4. Global solar irradiation vs. the optical air mass. a) Hourly values. b) Mean values and standard deviation. 
 
  
Figure 5. Direct solar irradiation vs. the optical air mass. a) Hourly values. b) Mean values and standard deviation. 
 
  
Figure 6. Diffuse solar irradiation vs. the optical air mass. a) Hourly values. b) Mean values and standard deviation. 
 
From Figure 4a, for ma = 1, the global radiation varies approximately 1 MJ/m2, with a 
minimum of 3.1 MJ/m2 and a maximum of 4.1 MJ/m2. For ma=2, this variation is smaller (0.4 MJ/m2), 
with a minimum of 1.5 MJ/m2 and a maximum of 1.9 MJ/m2. The highest values of global radiation for 
optical air mass ma = 1 than ma = 2 are due to the lower probability of collision with the material present 
in the atmosphere, thus ensuring a more effective atmospheric transmission. Similar results were found by 
[31] using the ratio of global to extraterrestrial radiation. The increase in optical air mass leads to an 
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increased chance of a collision, consequently increasing the attenuation of solar radiation. The variation 
of the quantitative energetic values of global radiation for a given value of optical air mass is due to the 
different attenuation phenomena. The prevalence of a phenomenon over another can produce the 
observed variations and can also show clues about the composition of the atmosphere [6,32]. Observing 
the mean values for global radiation (Table 2 and Figure 4b), on average, the standard deviation values 
are around 6%. This deviation can be explained due to the values of global radiation that were grouped 
without regard to seasonality. Therefore, different seasons have different types and concentrations of 
atmospheric constituents, changing the relationship of absorption-scattering-reflection and explaining the 
observed variations [33]. 
 
Table 2. Hourly-Mean global, direct and diffuse solar radiations with their standard deviation for different optical air mass intervals. 
 
ma 
Global 
(MJ/m2) SD 
Direct 
(MJ/m2) SD 
Diffuse 
(MJ/m2) SD 
1.025 3.143 0.174 2.687 0.356 0.543 0.280 
1.075 2.957 0.144 2.498 0.317 0.533 0.300 
1.125 2.877 0.150 2.412 0.304 0.507 0.276 
1.175 2.729 0.140 2.366 0.283 0.400 0.205 
1.225 2.570 0.117 2.193 0.270 0.385 0.207 
1.275 2.502 0.128 2.135 0.243 0.346 0.186 
1.325 2.373 0.100 2.004 0.212 0.344 0.170 
1.375 2.328 0.131 1.951 0.217 0.388 0.204 
1.425 2.203 0.109 1.835 0.185 0.326 0.161 
1.475 2.121 0.101 1.793 0.204 0.310 0.136 
1.525 2.047 0.104 1.730 0.200 0.297 0.126 
1.575 1.966 0.109 1.665 0.140 0.298 0.154 
1.625 1.887 0.115 1.584 0.165 0.287 0.125 
1.675 1.822 0.099 1.507 0.151 0.258 0.103 
1.725 1.733 0.087 1.472 0.128 0.254 0.131 
1.775 1.695 0.077 1.446 0.115 0.254 0.134 
1.825 1.672 0.080 1.436 0.128 0.217 0.069 
1.875 1.632 0.078 1.230 0.117 0.379 0.133 
1.925 1.637 0.111 1.333 0.133 0.272 0.115 
1.975 1.576 0.120 1.288 0.128 0.278 0.157 
2.025 1.510 0.108 1.243 0.129 0.271 0.146 
2.075 1.448 0.094 1.227 0.116 0.214 0.079 
2.125 1.434 0.106 1.163 0.141 0.230 0.102 
2.175 1.392 0.094 1.176 0.108 0.208 0.074 
2.225 1.345 0.087 1.163 0.077 0.204 0.114 
2.275 1.337 0.084 1.112 0.121 0.212 0.095 
2.325 1.306 0.106 1.031 0.119 0.189 0.068 
2.375 1.268 0.080 0.993 0.118 0.192 0.061 
2.425 1.271 0.124 1.015 0.110 0.201 0.115 
2.475 1.191 0.066 1.017 0.082 0.183 0.078 
2.525 1.183 0.078 0.876 0.121 0.260 0.225 
 
However, the global radiation is composed of the sum of the direct and diffuse radiation, which, 
because of their different natures, have different intensities for the attenuation phenomena. For direct 
radiation, the energy levels decreased with increasing optical air mass. From Figure 5a, for ma = 1, the 
range of variation of direct radiation is 1.75 MJ/m2, with a minimum of 2 MJ/m2 and a maximum of 3.75 
MJ/m2. For ma=2, this variation is smaller (0.5 MJ/m2), with a minimum of 1 MJ/m2 and a maximum of 
1.5 MJ/m2. The reduction of the energy levels based on the optical air mass were also observed by [28]. 
Comparing Figures 4a and 5a, there is a greater variation of values for direct radiation than for global 
radiation on a specific optical air mass. This greater variation, especially for small zenith angles, shows 
that this component is more sensitive to attenuation phenomena, also observed for higher values of 
standard deviation in Figure 5b. 
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However, the attenuation caused on the values of direct radiation does not allow inferences about 
which phenomena occur more frequently. The direct radiation is defined as radiative flux that reaches the 
surface without interacting with the atmosphere and any interaction with atmospheric constituents 
(absorption, scattering or reflection process) will decrease its intensity. High values of direct radiation 
indicate less attenuation while lower values indicate greater attenuation. In addition, information on 
diffuse radiation can complement the analysis of the attenuation of radiation by the atmosphere, since its 
intensity is the result of the scattering of solar radiation with atmospheric constituents. We also observed 
a large variation in the values of diffuse radiation: 1.5 MJ/m2 for ma = 1 and 0.7 MJ/m2 for ma = 2. For ma 
= 1 we observed a minimum of 0.1 MJ/m2 and a maximum of 1.5 MJ/m2, while for ma=2 a minimum of 
0.1 MJ/m2 and a maximum of 0.8 MJ/m2. For small zenith angle, the large variation of the values of 
diffuse radiation shows the complexity of the phenomenon of scattering. Different types and particle sizes 
produce different scattering of solar radiation. While small particles, such as molecules and atmospheric 
gases, produce a more uniform scattering (Rayleigh scattering), larger particles produce a more 
directional scattering (Mie scattering). With regard to the standard deviation (Table 2), the direct radiation 
has an average value of 11%, while diffuse radiation an average value of 48%. The high values of 
standard deviation of the diffuse radiation can be explained due to the frequent occurrence of multiple 
scattering and reflection effects for adjacent particles in the optical path traversed by the rays, and thus 
can increase the variability of diffuse solar radiation [34]. The literature presents papers with similar 
results according to [35-38]. 
The joint analysis of the relationship between direct and diffuse radiation with the optical air mass 
allows us to estimate which attenuation phenomena are more relevant in each situation. The knowledge of 
which phenomenon is more significant may reveal clues to the largest concentration of atmospheric 
constituents. Direct radiation data were divided into three categories: low attenuation (red data), moderate 
attenuation (black data) and high attenuation (blue data). Figure 7 shows the three categories for direct 
(Figure 7a) and diffuse (Figure 7b) radiation. While direct radiation shows the attenuation process, the 
diffuse radiation shows the scattering one.  
 
Figure 7. Direct and diffuse radiations as a function of optical air mass. The color data represents the three 
attenuation categories for direct radiation. 
 
For higher values of direct radiation we observed low values of diffuse radiation (red data), which 
shows an atmosphere clear and clean, with lower concentrations of aerosol, lower scattering and hence 
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lower attenuation. However, a few diffuse radiation values are higher. Despite the low attenuation, this 
increased scattering is a characteristic of turbid skies, indicating a higher concentration of aerosols [1].  
Observing the lowest values of direct radiation we noticed a greater attenuation. The data associated 
with diffuse radiation are larger and show that the scattering is higher (blue data). However, as the 
attenuation is high, the absorption and reflection phenomena can also be high. In this case, besides the 
aerosol particles, it is probable that water vapor and large particles have higher concentrations, increasing 
absorption and reflection. However, there are also smaller values of diffuse radiation, indicating a 
decrease in scattering. In this situation the action of the phenomena of absorption and reflection are 
larger, probably indicating a higher concentration of water vapor and absorbing aerosols (black carbon) 
and lower concentrations of scattering aerosols.   
Botucatu is characterized by two well defined seasons: hot and humid summer and dry winter. In 
summer, the concentration of water vapor is high and frequent rains promote the removal of particulate 
matter from the atmosphere. In winter, the frequency of rainfall and water vapor concentration is lower. 
Moreover, due to atmospheric circulation, the plume of burning aerosols coming from the north and 
center-west regions elevates the concentration of aerosols in the region, modifying the attenuation 
processes.  Thereby, the joint analysis of the seasonality of attenuation processes and the solar radiation 
levels can provide important information about the atmospheric composition. 
So, to better characterize the phenomena of the atmosphere and thus obtain information on their 
composition, in addition to the optical air mass and direct and diffuse radiations, seasonality, relative 
humidity and satellites data should be incorporated in the study to better understand the attenuation 
relationships.  
 
4. Conclusions  
 
From the results it can be concluded that the attenuation of global radiation obeys the Beer-Lambert 
equation with an exponential decay as a function of the optical mass. Regarding direct and diffuse 
radiation, also observed attenuation in the measured values due to the increased optical air mass. The 
increased optical path length increases the probability of collision. 
The joint analysis of direct and diffuse radiation allowed suggesting possible behaviors of the 
phenomena of atmospheric attenuation (absorption and scattering), which can be improved in the future 
with additional data for seasonality, relative humidity, aerosols and ozone. The continuity of the study 
may establish a methodology for analyzing the atmospheric composition due to global, direct and diffuse 
radiation.   
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